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DLTERMINATION OF DILLeCTRIC PROPRRTTxS UNDER

CONSTANT VOLUME CONWDITIONS

ABSTRACT

The complex dielectric constant of glycerol has been determined

as a function of frequency, (15 c.pes, to 5 Mc,p.s.), temperature,

——

-40°C to -50°C) and pressure, (0-15,000 pes.i.}). By combining
this data with the requisite PVYT data, it 1s hoped to be able to
calculate the dielectric relaxation time for glycerol, as a function
of temperature at constant volume, Results sc far obtained show
that the relaxation time and the equilibrium dielectric constant
increase with pressure, and that the rate of increase is greater at
lower temperaturess

The description of the aspparatus includes the decign cf o
thermostat which may be kept to within 0,01°C at any temperaturc

in the range -40°C to =60°C.
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P S he~ma30rity ol the work done on this contract has been con-

é":heﬁfwlth the temperature depencdence of dielectric properties at
a;;os;;eric pressure; measurements made at different temperatures are
thus on samples at different molar volumes, However, the results of
theories of the liquid state concerning rates of molecular rotation

are in many cases more easily expressed using molar volume and tem=

perature as the independent state parameters. For thilis reason

wid

measurements of the temperature dependence of dielectric properties
made (or corrected to) constant volume are desirable, This section
of the report describes the progress made in making such measure-

ments,

Preliminary measurements have so far been made on glycerol over

the temperature range, =-60°C, to -40°C,; corresponding stmospheric

. 1
pressure measurements have previously been described,
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The kxperimental Method.

One possible method of operation at constant volume over a
temperature range is to seal off a quantity of the substance to be
examined in a constant volume veassel, 2t the lowest working tempera-
ture, Then measurements are taken over the temperature range without
unsealing the vessel, If glycerol is sealed in a vessel at -60°C.,

a pressure of about 6Kpe.s.i. (6,000 p.s.i.) is developed on warming

to ~40°C,. This direct approach has not bcen used as it has been
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found simpler, oexperimcntally, to measurc the variation of dielec-
tric properties with pressure at e sorics of temperatures within
the range mentioned, The prossurc rangc must clearly extend to

6 KpeSesle, and in fact it has been extcnded much further so that
the effect on dielsctric proporties, of reduced molar volumcs, may
be studied, Thes¢ results are to be combinced with thce pertinent
PVT data to calculate the tempcecrature dependencc of dielectric
properties, corrocted to constant molar volume,

The Apparatus,

The dielectric cell used in this work consists of a cylindrical
bomb (Fige. 3 ), into the upper part of +hich is fitted a block
carrying two semi-cylindrical stainless-steel electrodes, These are
cemented to the block by a thin layer of "Araldite" resin, which is
an electrical insulator., Electrode leads are brought through the
block and attached to two coaxial leads which are surrounded for
some distance from the block by a brass tube; this carries the
leads clear of the thermostat bath, A stainless steel Bourdon tube
is fitted to the bottom of the bomb (Fig, 2 ) and the movement
of the extended free arm is measured with a dial indicator rigidly
attached to the bomb, The inlet tube is fitted at its upper end
with a close=-off valve, which consists essentially of a piston and
cylinder, with a suitable sealing gasxet, To generate a given
pressure in the bomb, the piston 18 screwed into the cylinder for
the required distance. An outlet tube is provided so that the cell
may be flushed with glycerocl preparatory to filling it with the
proper sample,

The Bourdon tube pressure gauge 1s calibrated periodically

using s dead-weight tester; tlils consists essentially of a cylinder
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High Procssure Dielcetric Cell,

Cell with Associated Apparctus,
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and piston which may be fitted in the bomb in place of the electrode
block, and a set of weights which are loaded onto the pistcn. The
whole is held in a frame so that the bomb with the zauge may be
immersed in the thermostat hath at about -50°C.; within & range of
10°C, on either side of this temperature, the gauge calibration is
effectively independent of temperaoture,
Results,

Some preliminary results have been obtained using this appara=-
tus, but no detailed discussion of them has been asttempted so far,
It is observed that dielectric relaxation times In glycerol lncrease
with pressure at constant temperaturc and that the enhencement is
greater at lower temperatures, A plot of log T against pressure is
linear within experimental errcr, The gquaatity gjjthe second parame-
ter in the dispersion equation (Ref, 1) appears to be independent
of pressure,

The equilibrium diclectric constant also increases with pressure

at constant temperaturc and the ccefficient J--S{Ex ) appesars to

S, dT

increase at lowcer temperatures., The value of E, the limiting high

frequency diclectric constant for tne main dispersion region also

=2

25 a positive pressurc coefficient but our accuracy is not suvf-

ficlent to determine its magnitude,

Some typical results are shown zraphiczlly in Figs. 1 and 2,
o]
and expressed in tabular form in Tables 1. and R,




Fig, 4 Variation of & _ with Pressure,
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Fig, 4 Variction of Relaxotion Time with Pressure,
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Table 1,

Variation of ¥ with prossure, at four temperaturcs,

Temp. °X¥, 1. 15 po.s.i. 1, 10,000 peSste Ratio
210.6 3.00x 10-3 sec. 7.8 x 1073 sec. 2.6
216,8 b3 % 10'% sec, 9.7 X 10‘& sec, 2¢3
222.,8 9.1 x 102 sec., 1.73x 1074 sce. 1.9
228,8 2.47x 10=° soc. L6 x 10=5 sec. 1.8
Table 2,
Variation of ¢ with pressure at two temperatures,
Tempe °Ke. at 15 p.sSeie. at 10,000 p.s.i. Ratio
216,8 6745 69 .65 0,032

A Thermostat Control,

A thermostating devico has beon built to be uscd in conjunction
with the apparatus already being used by this department for tem-
perature measuremcnt, This apparatus consists of a thermocouple
connected to a potentiometcr and lemp-and-scalc galvenometer, The
dovice uses a photomultiplier tuboc mountcd in front of the galva~
nome ter scale, to control the currcnt through a vacuum tube; a
thermostat heater i1s connected in the anode circuit of this tube, (Fig.5)
The entrance slit of the photomultiplier is so mounted that when
the galvanometcr is undeflected very little light passes through the
8lit, and corrcspondingly little current flows through the heater,
Should the potentiomcter become unbalancod by virtue of the bath
becoming colder, the galvanomcter is deflected in such a sensc that
morc light falls on the photomultiplicr and the heater current
increases,

This device has bcen used to control a bath at temperaturcs

within the range =60°C, to =-40°C, by immersing a cold fingcr in the



Figs 5 Diagram of tho Low-tcmpcrature Thermostat,
(above) Block Diagrom,

(bolow) Circuit of Control Unit,
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bath as well as a heater, The cold finger 1is filled with dry ice
and the thermal conductivity to the bath is nd justed so that it
abstracts heat from thec latter at the rate of 5 to 10 watts, This
loss 13 then made up by the controlled hcater, The sensitivity of
thc system is such that a deflection cf the galvanometcr caused by
a change in bath tompercturc of 0,01°C, producos a change in the
hcater output of abcut 5 watts,

The unit is prcsently in uso on thc high pressure project and
gives temperature control to within 0.01°C,, cxcept in so far as
variations in the standard cell and icc=junction of the thermocourle

necessarily go undetected; but these arc probably very small,



O THE ANALYSIS O DT.LBECTRIC RELAXATION MILSUREMENTS
Rot:ert H, Cole
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Providence, R. I,

ABSTRACT
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Convenient methods of analysing dispercion and loss satisfyinrs the Debye
Y

equations are described and illustrated. The similarities and differences of

the Fuoss-Kirkwood and circular arc representations of symmetrical, non-Debye

tyoe dispersions are considered. Interpret2ticns given by various writers to

the asymmetric dis~ersion found by D. 7. Davidson and the writer for glycols
g

are discussed., Finally, the ncssibilities and limitations of reduced renre-

sentations of dielectric measurements are examined,

I. INTRoNSTION

The nurrcse of this naner Is to discuss nethods cof anal:rzing dielectric

dispersion data an? questions of intemretition of such measuvrements, Tie con-

tributions to these sutjects in what follcwus have develoned from various in-

vestigations in the Brown laleoratories, and the illustrotive examnles are lareely

drawn from this work on dielectric prodzrties of a munter of relatively simnlc

liquids and sclids. The mc

thods and conclusions are, however, relevant to much

other research, both on diele:tric relaxation and en other broadly similar

relaxaticn phenomena, It has thercforc seamed adr ronriate to nresent this

matcerial senarately rather than niecemeal in reports cf results for narlicular

systens,

tie shall be coencerned "rAith the frequevicy and tonpersture dencndence of

dielectric btehavior in altemsavins c¢lectric fields., The relaxation effects

arising from failure of the »olarization to reash cquilibriunm with the amnlied



field are conveniently descried by the complex dielestric constant
6'?(\)):{/[10) —é{l(:b)wherc C/ renresints the polarization in ~hase with the
assumed sinusoidal ficld of frequency € =W /27T, and Ef” the comdonent
with phase difference of 7T /2 which expresses the crerpy absorption (dielectric
loss). The variation of these quantitics with frequency is of the general form
shown in Fip. 1; a lcgarithmic scale of frequency pemits representation of the
sirnificant range of variation of é:’and E:" more compactly and symmetrically
than other possible sczles. The cffect of temperature is quite generally to
chance the ranyc of disersion to lower frequencies at lower temperatures, and
the limiting dielectric constants ffo and 62;9 realized at very low and high
frequencies are also temmerature denendent,

The projection of the curve ffa?ju{) on the £ d -lor f nlane as indicated
in Fir. 1 is the familiar sismgoid disncrsion curve; the nrojestion of) the ézll-
lor f plane is the hell-shaped absorntion curves An alternative representation

1" /

is tre projuction on the € - €  planc. The usefnlness for dielectric data
1

of this complex »nlane locus has ten discussed by Ko S, Cole and the writer .

In Firs, 1 as it is drawn, the projection is the semicircle predicted fer simmle
rclaxation precessess In other cases, rclaxation data do not conform to this
locus but may often bhe fitted quite accurately by a circular arc as an asymmetric
curve of simple functional form. Questions arising in connection with these
cmpirical results arc discussed in what follows,
TI. SIMPLZ RELXATION THIORY
It is 2 coimmon characteristic of Jdiclectric and other relaxation theories

nased on simplc molecular or macroscopie models that thev nredict a rate of change
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Figs 1. The &urve £ (W) in € - ( =log() space,






3.

of polarization, or other response, which is proncrtional to the diffzrence of
the polarization from its equilibrium valuwe. In such cases the complex dielectric
constant, or its steady state analosue for an alternating field, is expressed by

an equation of the form

€' = o + (6(\——6)0)/(/ + 2w T ). (1)

In this equation, the relaxation time °/, 1s related to the kinetics of the re-
laxation process of the particular model, and is analogous to the recinrocal of
a rate constant in {irst ordcr chemical kinetics.

2
An equation of the form (1) was obtained by Dehye

from his model for nolar
liquids of spherical polar meolecules reaching cquilitrium subject to browian dif-
fusion and viscous damping; the result (1) for dielectric relaxation is often re-
ferred to as the Debye caquation. This descriptien is apnropriate and convenient,
kut it is impcertant to recormize that equations of the same form result for models
nf such diverse systems and nhencmena as two-nhase susnensions of dielectrics

Yy
naramagnetic reclaxaticn, viscoelactic polymers, and various other nhysical and
biclorical relaxation c¢ffects.

In the diclectric case, it has been oerhaps romarkable that the majority of
examnles of dispersion have failed to confern to the freguency or true dependence
corresponding to Iq. (1), but in the last few years adequate data have heen ob-
tained to demonstrate its validity for a number of liquids and solids of
relatively simple molecular constitution., PBecause of this and the fact that the

first order result is the simplest sirnificant one, adequate means of testing its

validity mnd of determinine the narameters 62), é?;o and 70 if it is valid are
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twe preblems of importance.
The obvious and dircct means of testine (1) is to compare exverimental
/ 4
values of € and €  as a function of frequency with the functions required
by Eq. (1)2 - 62
! 3 yoT. J
€'(c) = €x + (€)1 +(T)T {5
' 7o /1 )“]
€lw) = (60 “goo)(/) o /11 + (0Te t(2)
Dircct tests of these cqunations can be made by curve fitting with proner
iec = e add aramsters € € A7, Yut th i
choice of the threc adjustable naramsters €, , 20 N o s tut there is
considerable trial and crror if €. and € oo are not‘Z known from measuremcnts over
1 considerahle frequency ranse. Variants of this nrocedure invelve, for cxample,
aror &
I / o
nlottiag € /(€ —E‘AA), which should cquui @, from (2), against frequency, btut
€00 must be known or trial values assumed. Two altemative procedures which
avoid usc of trial values of =2ny of the narameters are very vseful in practice,
as described Yclow.
: ) iy /
The first is to erploy the ccoarlex nlanz lecus of € versus E "
which if Eqs. (1) and (2) are v~lid is 2 semicircle with center on the real
2xis and intercents on this 2xis at f}_ and 6_;(, as indicated in Eq. (1),
This representaticon is 2 very useful one whather or not the actual data conform
to such a scmicircle, and if they do thc Adetormination of the best semicircle is
surprisingly scnsitive, The intercepts of a satisfactory fit gsive €, and éoo
directly, htut the value of 7, is not accurately determined from the nlet, al-
thousgh it can clften te cstimnted with fair accuracy from the interpolated fre-
quency cf the nidpoint of the semicircle,
iltemative graphical or analytical metheds, which have been found extremely
uscful and convenient in this laborztory, can be based on the real and imaginary

parts of Eg. (1) obtoined after multinlication by (1 + zw’fo) These arc
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¢ = <€a — To(we), (3)
€' = € + (/7. )(€ o) - ()

The advantare of the cquations is that they are lincar rclations ia the measured
quantitics Ef,, OO(EII, and (f’}LJ, and from than, if they ~re satisfied, the
nrrameters 61,, 6:0 . 7T9 can bo derived ns intcreents ond siones *itheut
using assumcd valuess

Two oxamoles of the use of Zgs. (3) =nd (L) arc showm in Fipgs, 2 and 3.
In Fig, 2 measurcrnents by Hr, VWalter Dannhruser in this latousatory for n-butyl
alcohol arc plotted,s For the nlot on the left ol data at -76°C, excellent
strairht line fits are ortained over most of the frequoency ranpe of the nmeasure-
ments (15 ¢/s to 3 Mc/s), and the slones of these straight lines for the two
plots give a relaxation time Ty = 1.37 x 10°7 SCCe

The data 2t =106°C nlotted at the ri~ht in Fiw. 2 show significmt devi-
ations from linearity 2t frequencics abeve 100 kes, These result from 2 sccond
¢isnersion of the form first ruvorted fer n-pronyl alcahclB,

and since found in
/

neasurements of several othor alcohols. Extranolation of the straisht line of €
’7/ : s , -

versus € /(2 gives in thesc cases values of the hirh froquency limit € o for

the lover frequency disoversions, Knowledpe cf this value, torether with /ﬂb 0

permits detailed 2nalysis of the further dispersion, esneci~lly at lover terper-

atures for which the reasurements rive more complete information,

\
The data plotted in Fiz. 3 are rcesults of ilasted and E1 Sabeh

#e Jo By Hasted and S, He M. El Sabeh, Tronse Par Soc. L9, 1003 (1953).



1t 11
Fig, 2., Plots of E:Iversus (W€  and E'/&). Left, n-butyl
alcohol at 197.,2°K; right, n-butyl alcohol at
167.5°K.,

/ I /"
FPig 3 Flots of € "versus € /X(left) and AE (rizht) for
water at 0°, 10°, 20°, 30°C, from dsta of Hasted and

k1 Sabeh,
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from microwave measurcments of wwfur at 09, 109 20% gnd 30YC and vacuunm wave -
lenpths of 1.27, 3.3, and 9.2 ¢m. For convenience, the annlorues of Eqs. (2)

in terts of wavelerncth ;\ have been useds In terms of the criticeal wavelenpgth
>\C = 2T CTp , these arc 6’:€'0—~ )c (6'7}\) = €x + (}g”)/;\c,
The measured values are satisfactorily (itted by straipht lines witl consistent
valuces of :\c_from the sloness The intercents of the hirh frequency nlots are
not determinatle with high accuracy because of the long extranolation, It is
significant, howcver, that the values of E?oo arc of order 3,5 - 5.5 and so
considerably larger than values of order 2.2 - 3.0 from visible 2and infrared
neasurenents, It thus scems clear from the annlysis that sipgnificant further
dispersion in water must occur in the far infrared or millimcter wave rcgion,

5

and further study of this disxcrsion which Hasted anel coworkers

S5 G. H. Haggis, J. B. Hasted, and T. J. Buchﬂnqq, Js Cren, Thys, 20, 1L52

(19;2)

have discussed
is clearly important for an uwnderstanding of the Jielectric bchavior of water,
The twe cxannles discussed 2re tywical of the utility of Eqa. (2) and (3)
for analysis of simple Debye disnorsionse There are 2 number of advantases
from their use which these examnlus may not make apharent. For oxamnle, Eg. (2)
is particularly uscful if rridre measurcrents o€ cguivalent narnllel capacitance
() and conductnice G U)) are made, as 2 plot of €' versus G is ~ straight
line of slopc —-‘75. This is vceause G and G for a diclectric with simple
’ "
relaxation 2re preportional to €  and é{)é: e (The determination of a time
frem the moasurements without explicit usc of frequency or time results from the

~qtic cf consistent units of C and G having dimensiens of time,) .. second ad-

5

vantage is that neitlier (2) or (3) involves adjustment of parometers for testing
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data, wud systemctic crrors become ovident which iy be cenccaled in trinl 2nd
errer fittine of iqe. (1) to data. Althourh the -liffercnec of Egse (2) and (3)
from Eq. (1) is trivial mathenaticnlly, the »dractical advantapes of the former
are real and ceonsiderable, and their use has on scveral occasions nade evident
otharwise unswperted implications er crrors of cxnerinental meat irements,
III. SYMMETRIG.L DISPCROIONS

.5 nlready mentiened, the experimontal results for mony diclectrics are
not described by the time or frequency dependince of the form predicted by
Egse. (2) or thoir equivalent. Hany such nicasurcnients have been found to exhibit
deviations which nreserve the symmetrical denerdence on lograrithnic frequency
but with the diffcerences that tre frequency rorge of dismersien is greater and
the abscrotion curve is broxder ana lovicr.

L number of empirical or senl-unnirienl oressicns hnve hcen nroposcd
to descrite oxperimental results of this kind, The cnes thich have been nost

G

cften used are the Vasnor-Yoper

8, K. T ngner, -nh. Physik LO, Ql? (1913)
#le &e Yaser, Physics 7, L3l (1935).

derivaticns of the conscquences of an assymed
leorarithmic Goussinn distrituvtion of relaxation tim the Fucss-Kirkwood ex-
7
pression
7. R. M. Fuoss and J. 6. Kirkwecod, J. ..m. Chim. Soc, 63, 385 (1941).

for dicleetric loss which is an 2noroximation te their theoretical

result for diffusicn of polar pelymer acleerles in 3 non-nolar solvent, ard the

8

~nirical circular arc function orirninzlly nroncsed by K, S, Cole



electrical impedance of merbrancs in Yiclosical systems and later found by
gl

hin and the writer to represent 2 variety of dielectric dat2 within their
limitations ¢f frequency ranre ~nid intemal consistency.

The similarities and differences of these functions in relatien to
9
available exncrimental dzt~ have been discussed by Kauzmann

fa

His con-
clusion that tie Tamoer-Yarzr Qdistritetion luads teo a2 disnersien function

with toc abrupt a frequency Adenendence in the linmit of very low wnd hish free

9

cuencies to Joseribe 2 varicty of data confirmed a nrevicus annlysis , and is

1

T ol

consistcnt writh orce rocont resulhs o deh the writer is aware,

The othor two <isncrsisn smreesicns are mere satisfrctory wud less

obtviously diffcrent in their functionnl fom. TFuess and

¥irlkroed oripinnlly

o : 2/ .
gave an empirical exoression for € onliy thiz :xnrussion is

o 9 AT =
7 /" /
6//: €y [coshoc’z 5, 2 = o/ (5)
/
where fi,, is the atcormmtion maximum 2t the radinn frequency CL)v and &

is an =djustable paramcter varying from the value one for 2 Debye Aisscersion
/1
(for which €, = (€, —F)/2) te zere for an infinitely broad disnsrsion,
10
Py solving the Kronis=-Kramers

10. R. dcl. Kronip, Jo Opte Scce im, 12 5L7 (1926},
He .. Kramérs, Atti Congr, dei Fl%lCl, Cone, 5LS (1927).

interral relations betweoen the conjugnte
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i " 1n
quantitics € and € , “hedonnl?

-t > = ———— s - - - —— . . = = D T - - . - - - - -

has more recently chtained analytical

)

e { s
expressions fer £ ', These could e oktained only for narticular valucs of &

rernitting evaluntion of the intesral invelved, but with their 2id tablcs or
/ /
rranhs for intemolation of € versus £ and 04 can be constructed,

The ~rc disoersien function has the fornm

6* = Gup F (60 - EOO)/[I' or (&a)’ro)/&ac]) (6)

where the cxpenent 1—lto which the cperator Ll is roised is an empirical

poarametere The real and imaginary narts have the relatively simmle annlytical

forms
/ I o — o
€/~ Coo= 5 (€a—€x)| | — sinh () —ec) 2

cosh (| —a)z + SRz T

(7)

/
Z l CoS LT
6 = ;'2' (60 - 6&*@ | IR =

Cosh (J—w)z + SinaT (%)

wiere 2 = 1nW/w,,.
The differences hetweon the Kir'oiocleMicss Al are functions 2re not

/,O tt' On 5
0

n
creat for the valnas of ¢ and L,(/ of the o:*ricr/\O to

5]
«5 required to fit mauy

. - " . Q '3 o —'//
cxperinintal data, The sinmilarity of the results for € has Raen neinted out
12

Yy Bgttchcr
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in quotins a resuvlt of Poleve. As they showed, Eqs. (6) and (8)
when expanded in »newers of z aleout 2=0, i.c., cround the central frequency
: . ! /
= () y 2T to the sccond newer in 2 if one tnhkes O == cos ;d'ﬂ‘/(/ }SJMLD(IT)
¥ - 2/

/
and normlizes heth functions te the same valuce of E!n .

On the other hand, tiedenald peints out that for ¢ <<(/\)M or (D >) (,\)m

. . 2 / :
the Kirkwood-Rioss result predicts a comnlex locus of € vs, €/ which

: -/ . ’ :

anwroaches the € 2xis at o smaller ~ncle and mere nearly as 2 straicht line
thon the circular arc with depressed center predicted by Eqe (0).  Ieither
of ttese discussions makes very clear the mapnitude of the difference, and it
is the cre anpropriate to illustrate these by comd~rison with wppropricte
cxnerinental data,

The data which have beon exanmined frem this peint of view were obtained

13

by N. L, Brown

in this labortory orn sclicd hydocen bremi-ic below 89OL;
these results for o censideratle frequency ran-z under verr steady thermal
conditicns shovwed cood internal censistency n’ runreoducihility. The neasure-
ments were renresented by Eq, (6) ~fter 2 eirnular ~re was foun? ta he 2 [adeYole!
o 44 / '
fit to the pvlet of € vs. £ 7. .. corparison of the oksorved values at
73.1°K with values calcul~te? fron naraneters of the arc functien is siven in
Tahle I. The 2iffermees, of the order ome norcent of (€, — €,,) or less
are within the combined crrors of termerature 2rift and calivrotions of fro-

guency and other clectrical quantities.



1l.

T.RLE T. Ohserved an:d Calculated Disnersion and Loss of Solid Hydrepun
Bromide at 73.17K.

Ca.culzted valucs from Eqse (7) and (8) with €, = 36435,

Eoo 2= 1535, 0002 = 290 9/, 2 &= 05322
F = / €//
(ke/s) obs, cale. AbS, cale,
+02 33.5 33.0 3.4L8 3.82
+05 30.5 201 6,18 6430
il 27.5 2945 8,21 7.95
e 23.0 23,1 5425 9.21
5 16,4 16.4 8.92 8499
1.0 12,3 1242 7.60 7.53
2 9,38 9425 5,82 5.65
c é.9L 6585 3.73 3.49
10 598 5.85 2.L6 2.32
20 Gl 525 Le55 1.50
50 L.83 L.90 050 0.82
70 he70 La?h 9,63 0.67

From the Kirlares-Fuess cxpr.ossien (5), ~ue has
——/ // //\ /
cosh™ (€ /€”) = x'In (t0/tOm) - (9)
- 1/ V74
Yience the »lot of cosh 1 ( €,,/ € ) virsus In W sheuld be a straicht line

7
of slope X , while fron Zge (B) cne has the relation

’ S
€ml s cosh (/ )z + s AT
€ /] + sin —;—x’n— -

-

- /
Frem this rci~tion, the sleope of eosh i (6,,,// 6//) vs, Ind) is
)
- [} NS
(/—O(/)/ [ [ + 510 i—g(T/”Jd nexr ) :COM and changes for large

valucs of 1n c«)/wm to /= o, The camiarisen of 7qse (9) and (10) with the
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\

data of Table I is shoom in Tire by The xorimontal velues apnear te be slirktly
rmore censistent with the curve fron BEqe (10), but it is cparent that the dif-
ferences are snall and not distinmuish-ble with certainty cven for the quite
cxtensive and consistont data of the exarmle,

From this cxarmple, it can he seen that the differences hetween the two
dispersion functions are net ensily teste” experimentzlly. Lt the nresent,
thore is ne firm theecrctical basis for mreferring onc over the cther in pencrols
The examnle, for 2 sclid near an erder-disorser transiticn, has ne immediate
relation te TFuoss and Kirkue edls medel of 2 dilute polymer solutien -thich led
to their use of Eqe (9) 25 2 scni-ciwirical function,

tmcdon2lé (1) has mointed cut thet th: lincar rel-atien (9) between cosh™l

11 7
( €,, / € ) :nd In¢d rprovides 2 convenicnt mcthed of Acternining the central
frequency (Jpy of the disocrsien, since EM“ is readily determiinables  From
Fige L it is cvident thot this »lot is) Ter "ot at frequencics net toe far from
Ly s suitatle in detormininy the vrlve of 4, for cither functienal dependences
In cenjunction with the commlcex »lanc 1ocus, one cna then ovnluate 211 the
L

parameters ¢

cither cnniricsl cxsression, by cxtranelation if nccessary, If
there is neo valid experimentzl distineticn botwrcon the twe functions for re-
presenting the data, then in the ~btsencce of inde~enlent frounds fer choesing
cne of the other the nere convenicnt erg is nroferable, This wenld scom f@‘ t he
viriter te be the are functien, roeouse ~f t'e simnlicity sranhically amd in the
complex fors: (6) and tecawse of the rel-tive simslicity of the corresnending ox-

//

. ’ 7t "
aressions for beth € " and € "(IZqse (7) ~nl (3)) for am- vnlue of the »narameter

o expressing the breadth of the lHsnersicn.

IV, ASYMMSTRICLL DISP IRSTION FUNTTIONS

Detn for 2 considerahle variety of dicleetrics arme, over the ranpe of



PG «onill o

Variation of dielectric loss with frequency for solid
hydrogen bromide at 73°K, Circles are experimental
values, the solid curve 1is calculated from the circu-
lar arc function by F3. (10) with parameters listed
in Table I, the daashed straight line corresponds to

the Kirkwood=Fuoss expression (Egq. 9).
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13.

available neasurcenments, consistont with the loparithmically symnctrical dis-
norsion and abscrption dependences on frequency liscussed above.  Recently,
however, cases of asymmctrical frequency denendence have been fouand in diclectric
and other relaxation processese One form of deporiure investicated by

D. Ve Dovidsen and the writer

14. D, "7, Davicson and R. H., Cole, J, Chem., Physs 19, 1hL3lL (1951),

is in the diclectric bhehavior of glycercl
~nd other liguid glycols with more than ~ne hydreoxyl sroud in the molecule.
These results have becn quoted and discucscd by severnl other werkers fron
various peints of viewr, and with Jiffering cenclusicns in reeard to the
original rceoresentcotion nnd its significances Pocause of this, it is appro-
priate to cencider in rere detail the naturc of the orserved “Zisnersicn, its
2nalytical descrintion, ond the conclusions to be dravn,

The ccaplex »lone leoci for the Jisnersien in glycercl at termeratures
from =LOG tc -75°C were found to be aesypmetrical of the form shovm by the
sclid line in Fire 5. It wos found that these data ceuld be represented
znalytically te within the »rehable accuracy of the datz by 2 functien of the
fern éx = €un (€(, — Ex )/(/ 1 .Z/—‘JT—O)(B » b
where {3 is 2n emmiric2l paramcter in the ronece C <:(3 < ) s and the cther

quantitice hnve their previous sipnificonces  The 2ccuracy of this renresentotion

Ve

. g i = . / e
is illustrated in Table II, where exnerimental vhluces of €0 and € are
compared with these caleulated usiny the parameters €, , €. 5 To s

n-l G} deterrmined frorm Lhe are lecus anl the donendeonce of €Th7( 6:/~— €re )
en ) (sce Ref, 1h). Except at frequencics ahove 100 ke (LL);>80 Cd)hq)

he agreement is within cxmerimental crrer,



s

Table II. Observesd and Colculate! D%sw«rsion an! Loss of flyccrol
at =50"C,

Calculnted vrlues from ige (11) with €, = Cl,l,
Eo = nd0; Gl [20T = Le26 kc/s,(& = 0,603,

s X e’

(ke/s) obse ealey obs,e calc,
0.1 63.9 6349 2,82 2469
0e? 63,1 €34 Cieifid 5.70
0e5 5945 6051 13.3 13.0
i 50.8 5146 20.1 2044
2 3746 37.0 2341 2345
5 22,0 22,0 1855 18.5
10 1542 25 o) Usad Fail
20 10,8 a5l 8.97 3.95
50 7.3M 770 .15 5.27
100 6,68 €.68 3437 3643
200 5083 Sa78 2426 2,28

The deviatiens frou Dqe (11) first tocenc ovidont Sor frequencies much
sbove the »rincipal nort of the Msyersicon roncc which the cqgnatien describes,
and are in the sensc exoected of o sceend? listincet lisnersion; nauely, the

7 Al o " + 3 £
valucs of € 2re smnller and of € larsere In the original naper, therefore,
the ohserved relaxaticon in ~lyecer~l 2nd nraopylene ~lyc~l woas rfescribed as the
sum of twe precesses; the first sttisfvineg Z9. (11) and the second makineg much
sn2llcr centribution 2t nmuch higher [requencics,

Other intermrctations as to the sismificoncae of the observed brehavier

o 15
ave been preoposed, Pottcher

- -~ - G Ty o G s T G - = - - - - G G W e . 8 - G S G G b = - - - S - - = e



Fig. 5.

Fig. 6.

Reduced complex dielectric constant locus for gly-
cerol, Filled circles from data of Morgan, open
circles from datsof Mizushima, solid curve calculated

from reduced form of Ekq. (11) with? S 0.6

Residual dielectric constant locus for glycerol at
-50°C aftor subtraction of Debye-type dispersion as

proposed by Poley.
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15,

surrrested that the broader disnersion for fre-

quencies (1) > Wy, than for a sirple relaxation nrocess was better to be

16

exnlained whdlly in tems of a different nrocess or processes. Poley

16. J. Ph, Poley, “hysica 19, 300 (1.953).
has

sroposed more explicitly that the exmerimental data for glycerol can be
resresented by a Debye function of loniz relaxation time, nlus a second sym-
metrical dispersion function (such as the empirical arc function), nlus a
further function for the behavier at the hiphest frequencies. Marat and

17
coworkers

17 lie Z.‘B.gatS in discussion of paoer by . Felltheller, Kollsid Zeits. 13k,

6 (1953

rave cited the behavior in zlvcerol as analogous to the distinct

30t

(@)

"
4
secondary hirh frequency discersions feound in a aumber of aliphatic alcohols

18. For higher alcohols, see: i, ', Bruma, R, Dalrert, L, Reinisch, and
Ms llagat, Comptes Nendus 1952, 373-373 (Paper in symoosium volune
"'Chanrements de Phases"). TFor n-proyyl 2lcohol, Reference 3, for ethyl
alcohol, F, X, llassian and R, i, Cole, Hature 172, 212 (19533. Similar
unpublished results have Fzen oltained in this Jaboratory for methyl
alcorel by D. J. Denney, and for n-butyl and izebutyl alcchels by

Al o
Ty

\/e Dannhauser,

In a critical consideration of these various coenjectures, it is important
to keep in mind the fact that “g. (11) as it stands first fails to resresent
the exnerimental results at frequencies much greater than I//‘Tb , and gives
an excellent it over most of the dismersion ran~e, as shovm by the commarison

16
in Table I1. Poley's proposel that the dis~ersic: should instead ha renresentc
as the sum of a simple Debyc disversion as in u¢q. (1), usint €, == 634},
650 = 18, Ci)p1/22'7f = 1.7 ke/s, and a second symmetrical disnersion

does not lead teo a satisfactory fit of the data, This can be showm from



calculation of the residual disncrsion ~nl loss by subtracting the values for
the nrodesed Hrineinpal disnhersicn from the cobscrvel Lotal disnersion ond loss,
The resisual values are plotted in Fip, €, 7nd the curicus lecus which results
ovidently Aocs not cerrespond te 2 further symnmctrical dispersicrn ns nromnscr
by Pcleys. His further ohjecticn to Eqe (11) 2s ~ descrinticn of the nrincincl
dispersion behwvier on the srounds that it “res net have the syamctry with fre-
queney so often found in dicleectric relaxation scoms te have no funlamontal
Lasis, and the experiment2l fact is that the observed variatiens of Aiclcctric
censtant and less of pelyhydric aleohels are nsymmetricnl.

ALnother appreach to the question of suitalble resresentatien is in a2 cen-
sideration of the nature of 2n assumed distritmticn of relaxaticn tires wthich
vrill describe the datne Polery has cite?! the nsymmetricnl frrm of the distributicen
correspending to the disiersien cquaticn (11) ns avi‘encc ~~inst this cquation,
ilere the question is really enc of hev wiell Ige. (11) fits the <nta, becouse the
nccessary distributinsn Minction is Jctermine” ¥y the A2tz an”? hence Yty the
adequacy cf 2 function £ the xoerimental results from which the functicn c¢on
be deterningd 2nalytictlly, This is teocnusc the dstritvtisn functien F(’T‘)
of relaxction times in the lesaritimic inti:rvols *In-T  is cxoressed by

asswption 2s

e )

Inversion of this intepral aquatien cun Yo ncermnlished 25 o Sticltje transform,

or by the convelution theerenm for Fourier interrals (sce Do C. Titchmarsh,

[&]

Theury of Fouricr Interrals (Ocfor? 1049), ne 92)e  The result is

>0
—_
I D
B

i)
"

X/ =3
€ 1\,72/”(, )



17.
This

/\mmression for F in tems of € is the ~2nnlomue of Firowoe? ~ns! Funss!?

/"
result fer F in temms of € .
To the extent that an 2nalytieal exoressien for €'f. fits the -ata, the
rcsultant F ('77/73) dzscribtes the form of the distributicn which must bte

~assumede The function (13) leads to the expression
Yl
I3
_ S‘/gj(lﬂ el AN T & T
F(T/ﬂ;) = o 7—0 LieT= ) J (1).1)
- O T > 7—0 -

“ithough 2qe (12) is an th( ral axpressicen fnr€ an! hence net overly
sensitive teo details of a spectrun for F (T ), varicus trial cnlculatiens
Tor M fferent foms of F (777 ) than (14) have net given satisfactery amrecrment
with measurcd valucs -‘-J‘.‘f.:r urless continucus “istributions for 7 < To
similar to that of Zqe (1h) are ~ssumeds
17

The cermpariscn of llacat of the bchavier of elycorol 2t hipgh frequencies
teo that of menchydric alcehels is net in cur -pinion a »nreper analepy., The
difference is thot Tor flycerel and cthor nelvhydric alcechols s- £ar studicd

1k 19
(prepylene glyccl  and trimethylenc ~lycel )

19, UD')ubl'Shk."i results v D, 7, Tavidsen in this 1-horatery

the deviations fren simple
Debye behavicr sct in continucusly at frequencics rreater than 1/ To s hilc
for menchydric 2lcohels cdepartures cccur cnly for 20 )) //’7; I are nore
enalegous te the higher frequency "t2il" of the slycerel data,  The Jefinite
distinctien scems clearly assceiated vrith the nresence of tvn or nere hydrexyl
grouns on the carben skeletoen,
V. REDUCED R:PRESINMT .TIONMS OF DIZLEGTRIC DLTA

An accurate test of the cdispersion cquatieons se far discusse? requires
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experimentnl data over at least te Jeendes of frequuncy b any temperaturcs
study of thcir sienificonce is facilitnted cnormrusly if the temeriture de~
nendences of the various paramcters cnn be dctermined ever a wide ronpee  Bee
causc of the cxoenentinl denemence of relaxatisn rates on inverse temperaturce
characteristic of rate nrocesscs, such studics require 2 censiderably wider
range of frequencicse . still furthcer nced fer wider ronee of measurcrents
cccurs if mere than one dispersicn nrecess rccurse

The technical nrevlems of adequate me-surcrments rver the nony dccades cf
Srequency necessary for really commlete studics are ofton considerables  Thesc
difticuvltics have led varicus werlers to oexamine the nessikilitics of cemporine
mensurcmente 2t cne freguency cor in 2 less wide ranee, thesc reasurcrents heing,

however, nade cver 2 sufficient ronme of temparature t- £017ow the change freonm

cquilibriun nelarization te vanishingly smnll cricnt-tien pelarizatdion,
20
Stoark
20, K. H. Stark, M~ture 166, L3¢ (1950),

/
has nropese! simly nletting the reasurcd vrlues of € and €

a2t ene fixed frequency ond A fferent temperatures on the cormmlex plang and

N 13

using the resultant lecus 25 a characterizoatisn ~# the Jismersion preccess and
dispersicn functicne
~
21
&As Powles

21, J. G. Pcwl:s, Proc, Phys. Soces By 6b 81 (1951)

pointe? out, this nrocedure cannet load in penertl te 2 satisa-

~t

factery represcntation of the dispersirn functien (i.ce, the functicnal de-

3

.f Ay
pcndence of € en /) and T ), because the parareteors €;> and éln 2lso have

a temperature dependence for which no allewnncce is mde, ond lecrwsc the
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character of the disnersien function may well 'enend en tempoeraturcs Starks!
cxample of selid hydroegen brenicle woe marticularly unfertunzte in thess
respects sc this substmnce underpocs o nhase transitien in the tomcrature
rangee frem which ho tock his data and also exhibits twe <istinct dispersions
. g . .13
at ~ny cnc terperature in the range 63°-90°K telew this phase transition™
Despite these inherent linmitations of such a sulstitute fer cemnlete
frequency spectra ot each of a scerics of temporatures, ene can rbtain useful
informntien in this woy in some casese The cobjection en the basis of temperature
Jevandence of and can r¢ nct in oart abt lenst if reuced or normalized
/ = 144
varinbles (€ - € 5 V(€. —€.x) m? € [/(€,~ € ) are calculated an?

uset fer o comiex nlane leocus or feor nlotting sc oratelr arainst 2 suitable

A T"r‘h@ temperature,
redwecc! frequency (O,C.,CLN7/7ﬂ where r{ is the static vlscr51tzé would be
2
possible for 2 clar liquid on the basis of Debwye's theecry ).

If the preecure of usins reduced variosbles is fellewed ene can »>btain

o

. synthesis of results 2t a fewr frequencics an? o rance of termeratures which
is very similar to those from mueh nere corplete mensuremcnte at cne termeratura,
an example is the commariscen in Fige § of Aot for glyecercl chtaine? by ecarlier
werkers vith the reduced fernm of Tqe (31):

€' — € /

610 "’(_’(' (/+2C«)T)(
In makin; this cermparisen, the valuwe of €4 was taken te e 3,5, the valuesef €,
were fer intcrmal censistoncy taken frerm ostimates or values civen in the

22
criginal papers , and an averasre value ﬁg = 0,60 was uscd tr calculate
\

the s~lid curvee.

22, S. O, iorgen, Trons. Dlectrochem Socce 65, 109 (193u)
S. L‘iiZuShim&, -ull. Chc'”l. SPC. J'.p"l" l 217 (1926).
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The cxammle of Fin, & surcests toth the possihilitics and limitations
of the roduecd representatien, It is clear that the asymnetric frequency
dependence of the disnersicen nrecess cin be deduced frem the less complete data,
Lt othe same time, finer detnils are nissing or cbscured:  for examle, the
snrll but definite dehendence of the lisnersien parameter B on tormerature
and the cxistence of a distinct sccondary hirh frequency Jigiersion, Thus
uscful infermation can e rained from incomplete data, but 2t the risk of
cverlecking simificant foatwese In view of this, it is important to erm-
nhasize, as & nurber of writers hawve dere, that the only comlctely satisfrctery
desceription is by mensureiments over the entirce Ircquency rnpe of sipnificant
chmnges in prozarties and cver o sufficicnt temerature range t~ establish
clearly the termorature doocondences

VI. CONCLUSION

The discussion in this paner hins been purnescly eonfinerd to the mechanices

cf representation ~f Jdiclectric rolavation nonsurcrents, mut the questicns con-

sideres are rolevant to the mere fundament2l simificance of the experimental

results in rel~tiecn te cthor nhysienl »rinertics onl tr

intcrn-lecular forces
2nl melecular crnstituticne llany of thesce questions will nrebahly be reseolved
rnly by cerrclation of 2 varicty of cvilenee from structure nn equilibriun
nreperties, from differences of chernically relate? subst-nces, and from sinmi-
arities an! differences oL such cther irreversitle rocesscs as viscrsity,
diffusion, and visceclastic relaxatione,  Frem avnilable evidence, cormarisens of
diclectric 1nd ther relaxation cffects have simificant prssibilities, nd it

is heped that the prosent discussicn may nreve useful in their analiysis,



~f the

DIELECTRIC COUST.MTS COF LIWID

D SOLID STYDROCS!M SULSIDE
Se. Mavriliak, R.

“/e Swrensonit, and Re i, Cole
ctcalf Chemical Laboratories, Brown University,

rovidence, Rels

LBSTRACT

The equilivriwr dielectric constants of the disordered hirhest termperature

: - .
solid nhase show a re,;ular increace with decreasing temnerature which is in
noderate arreement with Onsapger's equatien,

Larrer values than woculd he ex-
pected cn this basis are found in the internmediate solid »hase,

while the
0, .
values in tnc ordercd phase btelow 103 K arc a 1little larper than the square
of the estimated refractive index,

do cvidence
c¢lectrode polarization

of relax
was feund in the
studied,

PR

ation affeccts or of

frequency ranre from 15 ¢/s to 500 ke/s

I, INTEODUCTION
The relativel, larre diclectiric constants re-crited for the hicher tem-
ature sclid phascs of hrdrocen sulflide indicatc that, as in solid hydroren
(1)
bromide
(1) Y. L. Erown and R, I's Cele, J. Chen. “hys. 21, 1920 (1953)
(2)
and chleride >
(2) R. i, S\ enson and R, .1. Cole, J, Chen ’hyo. 22, 281. (195h)

there is consideralle f£rcedom for rcorientation
meolecules ir the ouructures, |

For the hydroren halides it ha

s becn found



2o

that the equilibrium diclectric constants have a simple temperature dependence

in the face centered cubic nhases stable just below the melting point, and that

(3)

the valucs were in fair qeantitative acrerment with Onsager's cquation

) Iy ancageny o b, CH;m:-S;c. 58, 1486 (1936).

for
polar liquids. Since hydrogen sulfide also c¢rystallizes in cubic closc packing,
it is of intcrest te make a similar examination of the diclectric data in this
case, )
4

Jeasuraenents have becen revorted by o fery and Denison

(4) J. D, Kemm and G, H, Dennison, J. ..m. Chenm, Soce 55,
251 (1933).

Hitchceck .

(5) C. 2. Smyth and C. S. Hitchcoclk, J. ume Cheme Socs, 56,
108& (103h)

The former included ne tabmiasr data, tut their prash shows an
crratic temmerature donendence for the solidl, The more complete results of
Smyth and !litchcoclk wers more consistenty but ther found somewhat irresular
increases of dielectric censtant in the two sclid »nhascs stable betucen the
melting noint (187.6°K) and 126.2°K, an? “otween 126,2°%K and the sceend
solid transition at 103.50K. Behavior of this kind in sclicd hydropsen halides
has been found to result from sample voids and inhomoreneitics unless special
measures wrc crployed in freczing and cooling of samnles, The measurements

~2norted here were undertaken using similar measurcs, and vere extended over

the frequency range 15 c¢/s to 500 ke/s to find whether disnersion of fects



3.
occurred in this range.
TI., EXISRILLTAL
Commercial mascous hydrocen sulfide (iatlizson) was condensed in a dry
ice trap and slowly distilled into the experimental cell, The melting point
(187.6°K) and speccific conductance (9,2 x 10710 mho/cm) were in rood agreement
with nreviously reported values after one distillations The cell emleyed uas

(2)

onc built L'r Re o Swenson  for measurements of solid HCl; the conductance-

(6)

capacitance bridne has bteen described elsewhere .

Vleasnrements vere made
from temperatures of the liquid to 659K, with renroducibility for different
sarples within 045 ~crcent and precisien of order 0,1 nercent.
ITI. RIESULTS

o c¢vidence of frequency dependence of the dielectric constanit or of
sirnificant dielectric loss was found clther in the liguid or the three solid
shnases, It is concluden therelore that the neasured values are of the equi-
litrium diclectric censtant without effects eithier of disncrsion e of
¢lectrode polarization., Reprosentative values from data for two samnles are

listed 1

3

Table I and the results arc »lotted arainst recinrocal of abhsolute
termerature in Fig. 1,
Iv., TNISCUSSION
The tehavior of hydropen sulfide in the liquid and the twe hirher
. (3)
temnerature solid phases is in fair agrecment with the Onsarer thoory .

The compariscn is conveniently made by using Onsarer's equation te caleulate

the dipole moment )|, fron rieasurcd dielectric censtant and refractive index



Fig. 1. Dielectric constants of the 1liquid and solid phases
of hydrogen culfide as a function of reciprocal

absolute temperature,
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L.
and comparing this value with the oxoorimental dircle mement from sas
nhasc measurenents,  Results of thesc caleculationg, r~iven in Table I, are
obtained using n2 = 2,44 as evaluated from thc reTractive index of the
liquid by the Clausius=iiossottil cquation, liquid densities of 9.967 at

(1)
212°K

(7) B. Do Stecle, D, McIntosch, and E, H, irchibald, Phil,
Transe, Roye qu. (London) 205, 99 (1905)

(8)

variations in calculated Jdinolce mements an! Aiffercaces from the ras vnlue
arc not significantly greater than the uncertainties in refra-tive iLndex and
density

The valucs of dicle:tric constant in the lowest temperature rhases de-

[¢]

ol o) o ,
reascs from 3,7 to 103K to abwud 3,5 2t 65 K, Thcse values are thus

_ o
definitely but net greatly in excoess eof the ficure 2.4 calculated for n®,
and the difference is »resunadly to bo ttrituts ! te molecular vibrations in

the ordered structurcs

The equilibrium bcehavior is thus gquite sirnle and in nart quite well

accounted for by simple theory. The fair agrsement of the results for the
liquid and high temperature isotronic phase with Onsaser's theory are
reasonzatble censcguences of Jdisoriered structures without sienificant hydrogen
bending. The incrense of the dielccebric econstant in the intermedinte seliqd

rhase is not surprising in view of the “resumnbly sreater ceordination of

neiphbors but not cnough is known of the slructuve to permit more guantitative



Sre
(3 £ 3 O £ .
discussicne The low value of the delcetric consiant bolew 103,5 K indicates
a hirh depree of order in dinele oricntation,
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T°K

21240

194.6

186.1
170.9
157.9
13350

125.9

TABLE

High

I. DIELECIRIC CWNST.UTS OF LIQUID ..ND SOLID HYDROGIN SULFIDE,
LD DICOLS DOUNTS GLULCUL TED FROU OHSAGER'S EQU.LTION,

€ /jo (deb)’C)

€
Liquid

Termps Solid
10.9
12,1
13,7
15.8
16,6

/Q)CJehy@) T°K

0.78

0,88

0692
0s9L
0.95
0.96
0.96

124.2
110,9

103011

Intemediate Solia

194k
229l
2L.7
Low Termr. Solid
3.76
3.6k
3.59
3.56

3,52

1,04
1.07

1,08
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